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Our perceptions of the world are based on inputs
from our senses, represented as sensory maps in the
cortex. The N-methyl-D-aspartate receptor, a gluta-
matergic ion channel involved in a number of higher-
order brain functions, appears to play a variety of
roles in the developmental organization of these
sensory maps.
Sensory maps are created as a result of the precise
architecture of neurons and their projections within the
brain. The formation of these maps during development
requires the appropriate positioning of neuronal axons
and dendrites. Glutamate receptors of the N-methyl-D-
aspartate (NMDA) class have been shown to play a
clear role in neuronal plasticity that underlies learning
and memory, their role in sensory map formation is 
less clear.
One of the best examples of sensory map formation
is seen in the visual system, eye-specific segregation
occurs such that inputs from the two eyes form eye-
specific zones within the same brain region. Adjacent
points in visual space are represented by adjacent
points within each eye-specific region, generating what
is referred to as a retinotopic map. Recent findings
from Cline and colleagues [1] indicate that, in amphib-
ians, eye-specific segregation depends on NMDA
receptor activity. 
On the surface, these findings appear to contradict
previous research in mammalian systems, where NMDA
receptors do not appear to affect eye-specific segrega-
tion [2,3]. NMDA receptor blockade does, however,
affect neuronal structure — for example, the size and
shape of neuronal axons and dendrites — in mam-
malian systems, and so it may affect other features of
map formation, such as retinotopy. We therefore felt a
closer examination of the effects of NMDA receptors on
neuronal morphology in a number of systems could
provide some interesting insights into sensory map for-
mation. A table summarising the effects of NMDA
receptor blockade on axon and dendritic morphology
can be found at the web site http://www.bms.ed.ac.uk/
research/idg/gendev/PKind/P.Kind’s%20Research.htm.
NMDA Receptors and Eye-Specific Segregation
How are sensory maps formed? Map formation requires
that neuronal axons and dendrites appropriately segre-
gate within specific areas of the brain. There are two
main ways this is thought to happen. First, segregation
could occur via a targeted mechanism in which neu-
ronal processes grow directly into the appropriate
regions. Alternatively, axons and dendrites could go
through a period of ‘exuberance’, with subsequent seg-
regation being established by organized ‘pruning’ of
inappropriate branches and/or selective stabilization of
appropriate ones. Indeed, analyses of various sensory
systems suggest both mechanisms are used, even
within the same system. An interesting issue raised by
the new work from Cline and colleagues [1] is the role
NMDA receptors play in these events.
In amphibians, each eye projects directly to a brain
region known as the tectum on the opposite side of the
brain. If one tectum is lesioned, both eyes project to the
unlesioned tectum. Initially these inputs overlap, but
they subsequently segregate by the retraction of inap-
propriately positioned axons ([1,4] and references
therein). This process relies on NMDA receptor function
[1,4]. In mammals, the eyes project directly to both the
colliculus — the mammalian equivalent to the amphib-
ian tectum — and the lateral geniculate nucleus (LGN)
of the thalamus. The LGN then projects to the cortex.
The inputs from the two eyes remain segregated
throughout these lower levels of visual system, con-
verging only at higher processing areas of cortex. 
In the ferret thalamus, eye-specific segregation is
established by a period of axon exuberance and
subsequent axon retraction. Unlike in amphibians
however, this process occurs in an NMDA receptor-
independent fashion [2]. In the rodent colliculus [3] and
ferret visual cortex [5] there is no period of exuberance
between eye-specific regions. Instead, segregation
relies on the directed projection of axons. Segregation
in the rodent colliculus also occurs in an NMDA recep-
tor-independent manner [3]; no experiments have been
done that explore the role of NMDA receptors in eye
segregation in the ferret visual cortex, however. 
These findings strongly suggest that NMDA receptors
play little role in eye-specific segregation in the mam-
malian visual system, irrespective of whether segrega-
tion is achieved by exuberance followed by retraction or
directed ingrowth. Furthermore, they indicate that the
mechanisms of map formation differ between amphib-
ians and mammals. Interestingly, however, while initial
segregation into eye-specific regions in the ferret thala-
mus is NMDA receptor-independent [2], subsequent
segregation into functional sub-regions is NMDA recep-
tor-dependent [6]. 
With these results in mind, it is important to
remember that Cline and colleagues [1] had to surgically
induce segregation as, in amphibians, the axons from
the two eyes do not normally project to the same side
of the tectum. An intriguing possibility, therefore, is that
segregation in the amphibian tectum may arise by
tapping into an NMDA receptor-dependent mechanism
that is normally used to define other aspects of map for-
mation in both amphibians and mammals, for example
retinotopy. To understand whether NMDA receptors
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play a general role in retinotopy, a more direct exami-
nation of the role of NMDA receptors in the two
processes of axonogenesis and dendritogenesis must
be examined.
NMDA Receptors in Axon Morphology and
Dendritic Architecture
One of the limiting factors of studying the role of NMDA
receptors in brain development is the difficulty in
viewing developing axons and dendrites in vivo. Using
a powerful in vivo time-lapse microscopy imaging
system, Cline and colleagues [1] were able to closely
examine the dynamic cellular effects — rapid local
changes in branch addition and retraction — of NMDA
receptors on amphibian sensory neurons. Their data
suggest that NMDA receptor activity alters axonal mor-
phology by selectively eliminating inappropriately posi-
tioned branches. Branch additions in appropriate brain
areas were NMDA receptor-independent. These results
were striking, in that it was initially presumed that
NMDA receptors are involved in the net addition of new
branches [7]. 
Are Cline and colleagues [1] tapping into NMDA
receptor-dependent events that occur only at later
stages in the development of the mammalian
nervous system? And do NMDA receptors play
similar roles in axon development in other species
and systems? As stated above, results in the rodent
colliculus show no role for NMDA receptors in eye-
specific segregation. But NMDA receptor blockade
does alter the pattern of axons within an eye region,
suggesting that NMDA receptors do have a role in
retinotopic map formation [8]. 
In contrast, NMDA receptor blockade does not
appear to affect the axon branching patterns during
segregation of the two eyes into eye-specific layers
in the ferret thalamus [2]. It is important to note,
however, that these studies were based on single
time-point imaging. So while Smetters et al. [2] found
no change in axon branching, their technique did not
allow them to address the possibility of alterations in
the fine detail of the position of these axons, as in
retinotopic map formation for example. It is plausible
that the formation of a retinotopic map might be
established by the dynamic segregation of individual
branches, events similar to those described by Cline
and colleagues [1] in amphibians. Alternatively,
NMDA receptors may not play a role in axon terminal
patterns until later in development in this particular
system. To address the effects of NMDA receptor
blockade in these systems, real time imaging tech-
niques, like those used by Cline and colleagues [1],
must be developed further.
In the higher visual system of cats and ferrets, the
thalamocortical pathway for example, detailed studies
of NMDA receptor blockade on axon morphology
have not been reported. Histological analyses [9],
however, suggest that the NMDA receptor has a role
in this process. The existing data suggest that NMDA
receptors might affect the final positioning and/or
structure of axons within sensory maps. But the
manner in which NMDA receptors appear to direct this
ordering appears species- and system-specific.
Fewer data are available from in vivo studies on the
role of NMDA receptors in the formation of dendritic
structure in the visual system. The few studies in which
this has been addressed appear to suggest potentially
conflicting roles. In the amphibian visual system, NMDA
receptor blockade results in decreased dendritic com-
plexity and dynamics [7]. In the ON/OFF visual system
of the ferret, NMDA receptor blockade leads to an
increase in dendritic complexity [10]. Similarly, results
from in vitro experiments with the visual cortex indicate
that NMDA receptor blockade also increases dendrite
length and number [11]. To our knowledge, no in vivo
data are available for this system. Given the limited data
available, it is difficult to determine the importance of
NMDA receptors in dendrite branching. The studies dis-
cussed, however, support a role for NMDA receptors in
the refinement of dendritic cell morphology.
NMDA Receptor Roles in the Rodent Whisker
System
So far we have addressed the role of NMDA receptors
in the developing visual system. In recent years,
however, many studies with rodents have suggested
that NMDA receptors also play a critical role in the
formation of the somatosensory system. In the somato-
sensory system, inputs from the main facial vibrissae
are segregated, similar to eye segregation in the visual
system. Thalamocortical axons segregate into whisker-
specific patches in the somatosensory cortex, generat-
ing individual cortical regions devoted to each whisker
known as barrels. Similar to the rodent visual thalamus
and amphibian tectum, the whisker inputs to the cortex
initially overlap, and segregation is achieved by axon
retraction from inappropriate regions [12]. In animals in
which NMDA receptors were genetically ablated specif-
ically in the cortex, inputs to the cortex still segregated
into whisker-specific patches, but the patches were
reduced in size [13]. Similarly, pharmacological
blockade of cortical NMDA receptors post-natally did
not prevent patch formation, though in this case patch
size did not seem to be affected [14]. 
These data suggest that segregation within the
somatosensory system is NMDA receptor-indepen-
dent (but see [15]). NMDA receptors do, however,
appear to play a crucial role in the development of
axon and dendritic morphology. In NMDA receptor-
deficient mice, axon branching was found to be
decreased, corresponding to the decrease in patch
size [16]. By contrast, dendritic complexity of cortical
neurons was increased [16]. The finding that remov-
ing and blocking NMDA receptors have different
effects on patch size indicates that there may be
NMDA receptor-dependent functions that are inde-
pendent of its role as an ion channel (see below).
Alternatively, as the genetic deletion of NMDA recep-
tors occurs embryonically, while NMDA receptor
blockade was initiated soon after birth, it may be that
NMDA receptors play an early role in cortical devel-
opment that alters later processes of axon segrega-
tion. To our knowledge, the effects of receptor
blockade on axonal and dendritic morphology has
not been examined so no direct comparisons can be
made with the NMDA receptor deficient mice. 
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These data suggest that NMDA receptors play a
crucial role in the development of axonal and dendritic
morphology, and are therefore essential for map
formation in the brain. The precise role of NMDA recep-
tors appears to depend on species, brain region and
developmental stage. Furthermore, the findings of Cline
and colleagues [1] provide a warning that the apparent
lack of effect of NMDA receptor blockade in certain
systems may not rule out NMDA receptors having a role
in that system. Instead we need to develop techniques
that will reveal more subtle roles for NMDA receptors
during map formation in mammals.
Perspectives
NMDA receptors play a crucial role in the development
of sensory maps, but the mechanisms by which they
achieve this function are not clear. The new work of
Cline and colleagues [1] suggests that the segregation
of eye inputs in the amphibian tectum results from
NMDA receptor-mediated correlated activity [1,4],
reflecting the fact that neurons innervated from one
eye are more likely active at the same time than
neurons innervated by different eyes. There are two
main reasons for this view. First, the NMDA receptor
senses, and strengthens, inputs arriving at the same
time, so that it acts as a coincidence detector. Second,
it is assumed that there are no molecular differences
between inputs from different eyes. 
It should be noted, however, that while a correlation-
based mechanism is plausible, it is not the only mech-
anism that should be considered. The notion that the
NMDA receptor acts solely as a coincidence detector
is rapidly changing. NMDA receptors are known to play
crucial roles in numerous cellular processes that could
mediate map formation. For example, NMDA receptors
directly bind to axon pathfinding molecules, such as
ephrins [17]; NMDA receptors can regulate local
protein synthesis [18]; and they engage in multiple
protein–protein interactions linking them to multiple
signaling pathways [19]. 
Small differences in molecular expression between
eye afferents might result in differential input segrega-
tion. In this regard, recent technological advances in the
molecular characterization of individual cell types — for
example, laser-capture microarrays — will prove useful
in addressing these potential differences. At present,
visualization of mammalian pathfinding systems relies
mainly on in vitro studies. The type of real-time in vivo
imaging performed by Cline and colleagues [1] is
presently lacking, though recent advances in multipho-
ton in vivo imaging [20] are beginning to address this
problem. The challenge for the field is to exploit and
further develop these tools in order to address these
potential cell and system differences and their roles in
sensory map formation.
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